Hypersecretion of insulin from the pancreas is among the earliest detectable metabolic alterations in some genetically obese animals including the ob/ob mouse and in some obesity-prone humans. Since the primary cause of obesity in the ob/ob mouse is a lack of leptin due to a mutation in the ob gene, we tested the hypothesis that leptin targets a regulatory pathway in pancreatic islets to prevent hypersecretion of insulin. Insulin secretion is regulated by changes in blood glucose, as well as by peptides from the gastrointestinal tract and neurotransmitters that activate the pancreatic islet adenylyl cyclase (e.g., glucagon-like peptide-1) and phospholipase C (PLC) (e.g., acetylcholine) signaling pathways to further potentiate glucose-induced insulin secretion. Effects of leptin on each of these regulatory pathways were thus examined. Leptin did not influence glucose or glucagon-like peptide-1-induced insulin secretion from islets of either ob/ob or lean mice, consistent with earlier findings that these regulatory pathways do not contribute to the earlyonset hypersecretion of insulin from islets of ob/ob mice. However, leptin did constrain the enhanced PLC-mediated insulin secretion characteristic of islets from ob/ob mice, without influencing release from islets of lean mice. A specific enhancement in PLC-mediated insulin secretion is the earliest reported developmental alteration in insulin secretion from islets of ob/ob mice, and thus a logical target for leptin action. 
Introduction
Leptin, the ob gene product secreted from adipocytes, controls adiposity by modulating food intake and energy metabolism (1) (2) (3) (4) (5) . Leptin is thought to exert these functions by entering the brain and activating one of the variably spliced isoforms of the leptin receptor within the hypothalamus (6, 7) , the brain region that integrates signals from the periphery to regulate body weight (8) . Isoforms of the leptin receptor are also expressed in other organs including the pancreas, liver, and lung (6, (9) (10) (11) (12) . This suggests that leptin may also have direct physiological functions outside of the central nervous system.
Several lines of evidence support a possible role for leptin in regulation of insulin secretion from pancreatic islets. Mice and rats with sustained experimental hyperleptinemia (via exogenous leptin administration or leptin gene therapy) have lower plasma insulin concentrations than can be explained by the leptin-induced lowering of food intake (13, 14) . In contrast, mice deficient in leptin, i.e., ob/ob mice with a mutation in the gene encoding leptin (15) , develop hyperinsulinemia as early as 2 wk of age, and before they begin to overeat or to develop insulin resistance or observable obesity (16) (17) (18) . Leptin receptors are present within pancreatic islets (10) (11) (12) , providing evidence that these in vivo effects of leptin excess or deficiency on plasma insulin concentrations might be mediated by direct actions of leptin on pancreatic islets. Finally, leptin has been reported to inhibit both basal and glucose-stimulated insulin release from the perfused pancreas or isolated pancreatic islets of ob/ob mice (11). But in another report (12) , leptin failed to affect glucose-stimulated release of insulin from the pancreas of rats.
Hypersecretion of insulin from the pancreas is among the earliest detectable alterations in leptin-deficient ob/ob mice (18) . Interestingly, islets from these young ob/ob mice initially exhibit normal insulin secretion in response to glucose (18, 19) even though they lack leptin. Only later in life is glucose-induced insulin secretion enhanced. This implies that regulatory steps in glucose-induced insulin secretion are altered secondary to other regulatory pathways, and that glucose-induced insulin secretion may not be a direct target for leptin action. Before the onset of hyperresponsiveness to glucose, islets from young ob/ob mice exhibit a specific enhancement in insulin secretion in the presence of acetylcholine (18, 19) . Acetylcholine via stimulation of phospholipase C (PLC) 1 generates diacylglycerol which activates protein kinase C (PKC) (20, 21) . This PKC signaling pathway is altered in islets from ob/ob mice (19, 22) , raising the possibility that leptin might specifically target this regulatory pathway to control insulin secretion. Islets from ob/ob mice were thus incubated in the presence or absence of leptin to test this possibility.
Methods
Female ob/ob mice and lean littermates (ob/ ϩ or ϩ / ϩ ) from our breeding colony (C57BL/6J-ob/ ϩ ) were used at 4 wk of age (except for one study with 2-wk-old mice and a second with 8-wk-old mice, as indicated in the text and Fig. 1 ). Mice were housed at 25 Њ C with a 12 h light-dark cycle (lights on at 0700 h) and were fed a nonpurified diet (Tekland Laboratory Diet 8640; Harlan, Inc., Bartonville, IL). Their care was in accordance with Michigan State University guidelines.
Murine and human ob cDNAs were subcloned into pET15b and expressed in Escherichia coli BL21(DE3). Histidine-tagged recombinant murine and human leptins were isolated. The histidine tag was removed by thrombin cleavage and the proteins were refolded and monomeric leptins were isolated by anion exchange. The final preparations were greater than 98% pure and were tested for endotoxin. Murine leptin was used in the study with 2-wk-old mice, and human leptin was used in all the other studies.
Islets from mice in the fed state were isolated as described previously (23, 24) and cultured (19) overnight (islets from 2-wk-old mice were cultured 4 d) in serum-free RPMI 1640 medium (10 mM glucose) before incubation in Krebs-Ringer bicarbonate buffer to measure insulin secretion. Islets were cultured before study to diminish the possibility that residue leptin from the in vivo environment of lean mice would directly influence insulin secretion from isolated islets. Islets were either incubated statically (10 islets per petri dish) or perifused (20 islets per chamber, flow rate of 0.4 ml/min) as described previously (18, 19) . Insulin was measured by an ELISA procedure (18) . An islet preparation from a mouse was used in only a single experiment.
Results
Basal rates of insulin secretion from islets of 2-wk-old ob/ob and lean mice incubated in 0.5-mM glucose were low and similar; values ( n ϭ 3) averaged 0.50 Ϯ 0.02 and 0.51 Ϯ 0.01 femtomol islet · min Ϫ 1 in islets from these 2-wk-old ob/ob and lean mice, respectively. These results confirm earlier reports that islets from 2-wk-old ob/ob mice respond normally to glucose, even though they are already slightly hyperinsulinemic at this age (17, 18) . Addition of a high concentration of leptin (1-M murine leptin) to islets incubated in 10-mM glucose tended to lower insulin secretion, but the effect was not statistically significant (ANOVA, P Ͼ 0.05). Values ( n ϭ 3) averaged 0.82 Ϯ 0.04 and 0.89 Ϯ 0.03 femtomol·islet
Ϫ 1 from islets of 2-wk-old ob/ob and lean mice, respectively, during the 30-min incubation. Since only a limited number of mice were used in this study, we repeated the study, but with older mice. Islets from the 4-and 8-wk-old mice used were incubated in 20-mM glucose to maximally stimulate glucose-induced insulin secretion. At these ages, islets from ob/ob mice secrete more insulin in response to glucose than islets from lean mice (Fig. 1) . We reasoned that these conditions would optimize the potential for leptin to inhibit glucose-induced insulin secretion. However, addition of leptin failed to constrain either glucoseinduced hypersecretion of insulin from islets of these ob/ob mice or insulin secretion from islets of the lean mice ( Glucagon-like peptide-1, a potent incretin secreted from intestinal cells in response to oral glucose, activates adenylyl cyclase and the downstream protein kinase A signal transduction pathway in pancreatic B cells to enhance glucose-induced insulin secretion (25, 26) . Leptin also failed to influence the glucagon-like peptide-1 stimulation of glucose-induced insulin secretion from islets of either 4-wk-old ob/ob or lean mice ( Fig. 2) , suggesting that leptin does not directly influence either the glucose-mediated or the protein kinase A-mediated regulatory pathways in insulin secretion.
Acetylcholine, via activation of muscarinic receptors and subsequent stimulation of the PLC signal transduction pathway, enhances insulin secretion more from islets of young ob/ ob mice than from islets of lean mice (18, 19) . This is the earliest reported developmental alteration in an insulin secretory regulatory pathway in islets of ob/ob mice, occurring at 2 wk of age and coincidental with the onset of hyperinsulinemia (16, 18, 19) . Cholecystokinin also stimulates the PLC signal transduction pathway (20, 21, 27) and causes more insulin release from islets of ob/ob mice than lean mice (18) . The neurotransmitter acetylcholine and the gastrointestinal peptide cholecystokinin likely activate a common PLC-mediated step to cause hypersecretion of insulin from islets of young ob/ob mice (18) . Since these ob/ob mice are deficient in leptin (14), we hypothesized that leptin targets this regulatory pathway. Thus, islets from 2-wk-old ob/ob and lean mice were incubated for 30 min with 10-mM glucose, and 10-M acetylcholine Ϯ 1 M murine leptin. As expected (17, 18) , islets from these 2-wk-old ob/ob mice exposed to acetylcholine secreted more insulin (6.4 Ϯ 0.6 femtomol·islet
) than islets from lean mice (1.9 Ϯ 0.1 Figure 1 . Glucose-induced insulin secretion from islets exposed to leptin. Islets (10 islets per group) were preincubated in 0.5-mM glucose for 60 min. Islets from 4-wk-old ob/ob and lean mice secreted 0.5Ϯ0.05 and 0.5Ϯ0.04 femtomol (fmol)·islet Ϫ1 ·min Ϫ1 , respectively, and islets from 8-wk-old ob/ob and lean mice secreted 0.9Ϯ0.03 and 0.8Ϯ0.04 fmol·islet Ϫ1 ·min Ϫ1 , respectively, in 0.5-mM glucose. Islets were then incubated with 20-mM glucoseϮ100-nM human leptin (4-wk-old mice) orϮ20-nM human leptin (8-wk-old mice) for 30 min. Each bar represents meanϮSEM for 6-8 mice. Phenotype, but not leptin, influenced insulin secretion at each age as determined by twoway ANOVA (P Ͻ 0.05).
) ( n ϭ 3, P Ͻ 0.05), even though rates of glucose-induced insulin secretion from these islets were unaffected by phenotype (see first paragraph of Results for data). Addition of 1-M murine leptin totally prevented the excess PLC-mediated insulin secretion from islets of these 2-wk-old ob/ob mice (1.9 Ϯ 0.1 femtomol·islet
), without influencing insulin secretion from islets of lean mice. Consistent with these results, 20-nM human leptin totally prevented the excess PLCmediated insulin secretion from islets of 4-wk-old ob/ob mice versus lean mice, without any detectable influence of leptin on islets from lean mice (Fig. 3) . PKC is a downstream mediator of PLC activation (28) (29) (30) . Direct activation of PKC with an agonist (0.1-M phorbol-12-myristate-13-acetate, PMA) mimics the effects of acetylcholine on insulin secretion from islets from ob/ob and lean mice (18, 19) (Fig. 3) . Again, leptin totally prevented the excess PKC-induced secretion characteristic of the islets from ob/ob mice without influencing insulin secretion from islets of lean mice (Fig. 3) . Since the same doses and preparations of leptin failed to influence either the glucosemediated or the protein kinase A-mediated pathways of insulin secretion, we conclude that leptin directly targets the PLC-PKC regulatory pathway to constrain insulin secretion.
Leptin at concentrations as low as 2.5 nM partially constrained acetylcholine-induced insulin secretion from islets of ob/ob mice, with an IC 50 effective concentration of ‫ف‬ 5 nM (Fig. 4) . Thus, the concentration of leptin required to regulate a physiological process in islets (i.e., insulin secretion) is in the same general range (i.e., nanomolar) as the reported IC 50 for specific leptin binding to a hypothalamic membrane preparation (i.e., 46 nM) (31) . Islets from mice are also now known to contain leptin receptor mRNA (11). Concentrations of leptin sufficient to activate receptors within the hypothalamus to control food intake would seem equally likely to activate the leptin signal transduction system in pancreatic islets to control insulin release. Islets from 4-wk-old ob/ob mice and their lean counterparts (n ϭ 5) were prepared and incubated with 10-mM glucose for 30 min before addition of acetylcholineϮleptin, or a PKC agonist (phorbol-12-myristate-13-acetate, PMA)Ϯleptin, for an additional 30 min. Islets from ob/ob mice incubated with 10-mM glucose secreted more insulin than islets from lean mice as determined by the paired Student's t test (P Ͻ 0.05). Significant (P Ͻ 0.05) phenotype, leptin, and phenotype-leptin interaction effects on insulin secretion were present in islets exposed to acetylcholine or to 0.1-M PMA, as determined by two-way ANOVA in conjunction with Bonferroni adjustment. *Significant difference (P Ͻ 0.05) from other groups treated with 10-M acetylcholine or 0.1-M PMA. Figure 4 . Leptin dose-response inhibition of acetylcholine-induced insulin secretion. Islets from 4-wk-old ob/ob mice (n ϭ 6-8 at each point) were prepared and incubated in 10-mM glucose, 10-M acetylcholine and 0-100 nM leptin. Islets exposed to leptin at doses Ն 2.5 nM secreted less insulin (P Ͻ 0.05), as determined by one-way ANOVA in conjunction with Bonferroni adjustment.
Islets from ob/ob mice were perifused to determine the time course for the onset and reversal of leptin action on acetylcholine-induced insulin secretion. Leptin blocked the immediate (i.e., within 3 min) increase in insulin secretion resulting from addition of acetylcholine (Fig. 5, Period 1 ) , and limited acetylcholine-induced secretion during the 30-min period to about half of the rate that occurred in the absence of leptin, consistent with findings in statistically incubated islets from ob/ ob mice (Fig. 3) . Removal of leptin from the perifusate during the second 30-min period caused only a moderate 35% increase in acetylcholine-induced insulin secretion (Fig. 5 , Period 2 ). Leptin was ineffective when added after pre-established, acetylcholine-induced hypersecretion of insulin was present (Fig. 5, Period 2 ) .
To further explore the time course for the reversal of leptin action on acetylcholine-induced insulin secretion, islets from ob/ob mice were pretreated for up to 18 h in 20-nM leptin, leptin was then removed for 1.5-6 h before exposure to acetylcholine. Removal of leptin for 1.5 h caused a subsequent 38% increase in acetylcholine-induced insulin secretion (Fig. 6 , Treatments 3 and 4 versus 2 ), a response similar to that observed within minutes after leptin was withdrawn from perifused islets (Fig. 5) . One component of the inhibitory effect of leptin on insulin secretion is thus rapidly reversible, but significant suppression of acetylcholine-induced insulin release still persists during this 1.5-h period. Full reversal of leptin action occurred when the time between exposure to leptin and subsequent addition of acetylcholine was extended to 6 h (Fig. 6 , Treatments 5 and 1 ).
Discussion
We found that leptin uniquely targeted a specific regulatory component of the PLC/PKC-induced insulin secretion pathway within islets from ob/ob mice to constrain insulin secretion. This action of leptin on insulin secretion was rapid-onset (i.e., within 3 min), reversible, and dose-dependent. Effects of leptin were demonstrable only in islets from ob/ob mice with Figure 5 . Time course effects of leptin on acetylcholine-induced insulin secretion. Islets from 4-wk-old ob/ob mice (n ϭ 6) were prepared and perifused (20 islets per chamber) with 10-mM glucose before addition of acetylcholineϮleptin for two consecutive 30-min periods as indicated in the figure. Samples were collected at 3-min intervals. Islets treated with acetylcholine and leptin simultaneously in Period 1 secreted less (P Ͻ 0.05) insulin than those exposed to acetylcholine alone, with the lower rates of secretion continuing even after leptin was removed (Period 2, ᮀ). Exposure of islets to acetylcholine for 30 min in Period 1 in the absence of leptin abolished the subsequent ability of leptin to affect acetylcholine-induced insulin secretion in Period 2 (P Ͼ 0.05) as determined by two-way ANOVA in conjunction with Bonferroni adjustment. Figure 6 . Time course of the reversal of leptin inhibition of acetylcholine-induced insulin secretion. Freshly-isolated islets from 4-wk-old ob/ob mice (n ϭ 5-6) were cultured overnight in serum-free, RPMI 1640 medium (10-mM glucose)Ϯ20-nM leptin for varying lengths of time. All islets were then washed three times in KrebsRinger bicarbonate buffer containing 10-mM glucose and incubated for 1.5 h before addition of 10-mM glucose and 10-M acetylcholine for a 0.5-h period. Two control groups of islets were used; Treatment 1 served as a negative control without exposure to leptin, and Treatment 2 served as a positive control with simultaneous exposure to acetylcholine and leptin (i.e., 0-0.5 h). Islets in Treatments 3 and 4 were pretreated with leptin for 0.5 h (i.e., Ϫ2.0 to -1.5 h) and 18 h (i.e., Ϫ19.5 to Ϫ1.5 h), respectively, ending 1.5 h before exposure to acetylcholine. Islets in Treatment 5 were pretreated with leptin for 18 h (i.e., Ϫ24.0 to Ϫ6.0 h) ending 6 h before exposure to acetylcholine; these islets were washed in leptin-free RPMI 1640 medium and then maintained for 4.5 h before washing in Krebs-Ringer bicarbonate buffer and incubating for 1.5 h as indicated above. *Significant effect of leptin (P Ͻ 0.05) on acetylcholine-induced insulin secretion as indicated by one-way ANOVA in conjunction with Bonferroni adjustment. characteristic hypersecretion of insulin, not in islets from lean mice, suggesting that leptin functions within pancreatic islets primarily to prevent hypersecretion of insulin.
Based on the observations that the earliest detectable alteration in insulin secretion from islets of ob/ob mice and fa/fa rats (animals with a deficiency in leptin or leptin resistance secondary to a mutation in the leptin receptor) is an enhanced insulin secretion response to acetylcholine (18, 19, 32) , it seemed reasonable to speculate that leptin would directly or indirectly influence this regulatory pathway. Consistent with this, leptin specifically targeted the PLC-PKC-mediated regulatory component of insulin secretion rather than the glucose or protein kinase A signaling components of the secretory process. Leptin did not block PLC-PKC-induced insulin secretion totally, but rather uniquely inhibited the hyperactive component of this pathway without interfering with normal responsiveness of islets to PLC activation. It inhibited the hyperactivity of the PLC-PKC pathway by preventing the activation of PKC-regulated steps in insulin secretion, as opposed to reducing preactivated PKC-regulated insulin secretion. This conclusion is based on the finding that leptin was effective only when given before or in conjunction with acetylcholine, but not when leptin addition followed the activation of the PLC-PKC pathway.
We cannot at this time explain why an earlier report (11) showed that 10-100-nM murine leptin inhibited glucose-induced insulin secretion from islets of ob/ob mice. The fact that leptin inhibited basal as well as glucose-induced insulin secretion in their study might imply a generalized overall suppressive effect of leptin on insulin secretion. But if leptin acts via a pathway that inhibits the overall secretory response, or even primarily by a pathway that targets glucose-induced insulin secretion, the leptin-deficient ob/ob mouse should exhibit enhanced glucose-induced insulin secretion as an initial developmental event. However, this does not occur. Rather, an enhanced insulin secretion response to acetylcholine precedes the enhanced response to either glucose or protein kinase A in leptin-deficient ob/ob mice (18, 19) . Consistent with these observations, we found that leptin targeted the acetylcholine, PLC-PKC-mediated pathway. We conclude that this pathway is a primary site for leptin action in pancreatic islets. However, it remains possible that this action of leptin also has secondary effects on other components of the insulin secretion regulatory pathway in certain circumstances.
Pancreatic islets from ob/ob and lean mice express the fulllength leptin receptor proposed to participate in signal transduction (11). This receptor is homologous to members of the cytokine receptor superfamily and recently has been shown to activate several members of the signal transducers and activators of transcription (STAT) family (33) . This activation may involve association of janus kinases (JAK) with the activated leptin receptor to cause phosphorylation of STAT (33) . The rapid onset of leptin action in islets to prevent enhanced PLC-PKC-induced insulin secretion (i.e., within 3 min) would seem to preclude a direct role for leptin-mediated gene transcription in this process. Analogous rapid onset effects of leptin have been reported recently in the hypothalamus where leptin modulates synaptic transmission within a time frame of minutes (34). Glaum et al. (34) postulated that leptin may exert rapid effects via JAK-regulated phosphorylation of regulatory proteins. Consistent with this, leptin has been shown recently to rapidly reduce the phosphorylation state of insulin receptor substrate-1 in HepG2 cells (35) . Inactivation of the leptin receptor signaling pathway responsible for regulating insulin secretion requires several hours whereas activation of the pathway occurs within minutes. Possibly leptin only slowly dissociates from the receptor or alternatively the downstream signaling pathway is only slowly inactivated.
Leptin did not influence insulin secretion from islets of our lean mice. This observation is supported by data from islets of the ob/ob mice where leptin only returned PLC-PKC-stimulated insulin secretion to normal. Leptin did not lower insulin secretion from islets of ob/ob mice below rates observed from islets of lean mice. It appears that islets from ob/ob mice possess a unique, leptin-responsive, PLC-PKC-regulated pathway. This pathway may be downregulated in islets from lean mice, probably because they, unlike islets from ob/ob mice, had been exposed to leptin in vivo. Since, in isolated islets from ob/ob mice, leptin action occurred rapidly (within minutes) and was reversed within several hours of leptin withdrawal, islets from lean mice cultured in the absence of leptin for 18 h might be expected to exhibit a leptin-inhibitable hypersecretion of insulin when subsequently exposed to acetylcholine. This did not occur. Even when maintained in culture for up to 12 d, islets from ob/ob mice still hypersecrete insulin in response to acetylcholine versus responses in identically-treated islets from lean mice (19) . Once established, this leptin-responsive component of the PLC-PKC-regulated insulin secretion pathway thus persists for relatively long periods in islets from ob/ob mice, and conversely this pathway is not readily expressed in islets from lean mice. Possibly, the presence or absence of leptin early in life programs pancreatic islets to either block the development of this unique leptin-responsive, PLC-PKC-regulated pathway or permit expression of the pathway.
The mechanism whereby leptin modulates PKC-regulated insulin secretion is not known presently. Activation of PKC within cells is a complex process that includes translocation of cytosolic PKC to membranes where it exhibits catalytic activity as well as involvement of PKC-binding proteins that may further target the activated enzyme to specific sites (36, 37) . Leptin might, for example, regulate a component of this enzyme activation process by influencing the phosphorylation state of one or more of the involved proteins. There is a family of PKC isozymes with differential sensitivities to activation (36) (37) (38) (39) . Islets of ob/ob mice might also process a PKC isozyme pattern that is more responsive to leptin than islets of lean mice. Consistent with our speculation that leptin interferes with the activation of the PKC signal process, leptin did not constrain insulin secretion from islets when PKC was already activated by acetylcholine.
Identification of the components of the PKC-regulated pathway in islets affected by leptin will be important. Some obesity-prone humans may have an early onset-enhanced PLC stimulation of insulin secretion (40) . It would be of interest to determine whether these subjects also have low plasma leptin concentrations, as appears to occur in a subset of obese subjects (41) (42) (43) . Alternatively, perhaps the leptin resistance characteristic of many obese subjects will unmask the expression of a PLC-PKC induced hypersecretion of insulin.
